
(12) United States Patent 
US006263299B1 

(10) Patent N0.: US 6,263,299 B1 
Aleshin et al. (45) Date of Patent: *Jul. 17, 2001 

(54) GEOMETRIC AERIAL IMAGE SIMULATION OTHER PUBLICATIONS 

(75) Inventors: Stanislav V. Aleshin; Evgenij Egorov; Qian 9t 211, “A New Scalar PlaneWaVe Model for High NA 
Genadij V_ gelokopitov, all of MOSCOW Lithography Simulations”, IEEE International Workshop on 
(RU); Dusan Petranovic, cupertino, Numerical Modeling of Processes and Devices for Inte 
CA (Us) grated Circuits, pp. 45—48, Jun. 1994.* 

_ _ _ _ _ H.H. Hopkins, “On the Diffraction Theory of Optical 

(73) Asslgnee? LSI Loglc C0rp0ratl0n> Mllpltas> CA Images,” Proc. Roy. Soc. Ser.A 217, pp. 408—432, London, 
(US) 1953. 

( a ) Notice, This patent issued on a Continued pros_ D. Cole et al., “Extending Scalar Aerial Image Calculations 
ecution application ?led under 37 CFR to Higher Numerical Aperture,” J. Vac. Sci. Technol. B B 

1.53(d), and is subject to the tWenty year 10(6)’ pp‘ 3037_30_41’_ 1992' _ _ _ _ 
patent term provisions of 35 USC M. Born et al., “Principles of Optics,” Sixth Edition, Cam 
154(a)(2)_ bridge University Press, pp. 121—124, 167—169, 518—526, 

1997. 
Subject to any disclaimer, the term of this M.S. Yeung, “Modeling High Numerical Aperture Optical 
patent is eXtended or adjusted under 35 Lithography,” Proc. SPIE 922, pp. 149—167, 1988. 
U'S'C' 154(k)) by 0 days‘ M. AbramoWitZ et al, “Handbook of Mathematical Func 

tions With Formulas, Graphs and Mathematical Tables,” 
(21) Appl' NO" 09/234’422 National Bureau of Standards Applied Mathematics, Series 
(22) Filed: Jan. 19, 1999 55, pp. 231—233, pp. 916—917, Issued Jun. 1964. 

A. LoWan et al., “Table of the Zeros of the Legendre 
(51) Int. c1.7 ..................................................... .. G06G 7/48 Polynomials of Order 1—16 and the Weight of Coe?ieients 

for Gauss Mechanical Quadrature Formula,” Bull, Am. 
(52) US. Cl. ................................. .. 703/5; 703/13; 716/19; Math. Soc., pp. 739—743, 1942, V48. 

382/280 A. LoWan et al., “Errata to Table of the Zeros of the 
_ Legendre Polynomials of Order 1—16 and the Weight Coef 

(58) Fleld of Search .......................... .. 703/5, 13; 716/19; ?cients for Gauss’ Mechanical Quadrature Formula,” Am_ 
382/280; 4305a 30, 31 Math. 806., p. 939, p. 950, 1943, v49. 

(56) References Cited 4 Cited by examiner 

U.S. PATENT DOCUMENTS _ 
Primary Examiner—Kevm J. Teska 

4,652,134 3/1987 Pasch et al. ....................... .. 356/401 ASSiSmn[Examiner_Samue1 Broda 
5,444,265 8/1995 Hamilton ...................... .. 250/55942 

5,502,654 * 3/1996 Sawahata 382/280 (57) ABSTRACT 
5,595,861 1/1997 Garza ....... .. 430/510 

5,663,076 9/1997 Rostoker ____ __ 438/14 An aerial image produced by a mask having transmissive 
5,679,598 10/1997 Yee . . . . . . . . . . . . .. 437/60 portions is simulated by dividing the transmissive portions 

5,682,323 10/1997 PaSCh et al- -- 716/19 of the mask into primitive elements, obtaining a response for 
57705301 1/1998 Garza ~~~~~~~~~~~ ~~ 430/5 each of the primitive elements, and then simulating the aerial 
5’723’233 3/1998 Garza et a1‘ 430/5 image by combining the responses over all of the primitive 
5,877,045 3/1999 Kapoor ......... .. 438/151 elements 
5,900,338 5/1999 Garza et al. 430/5 ' 
5,955,227 * 9/1999 Tsujita ...... .. 430/30 

5,998,070 * 12/1999 Lee ......................................... .. 430/5 29 Claims, 7 Drawing Sheets 

92 

Input mask data I’ 
94 i K 

Divide transmissive portions 
into primitive elements 

+ 96 
N 

Obtain optical system responses for each primitive 
element, assuming a single coherent light source point 

1 98 
C omhine responses over all primitive elements J 

to obtain mask response 

1 $100 Find the light intensity at the image plane by 
combining responses 0 l/er all light source points 



U.S. Patent Jul. 17, 2001 Sheet 1 0f 7 US 6,263,299 B1 

MASK 

\ \ 
‘ y 24 

OPTICAL SYSTEM ~_/ 

‘ i \ \ 
26 

1C CHIP ~_/ 

32 31 

‘[35 

42W FIG. 18 
I Obtain initial mask pattern I 

44 — 

\/\ I 
Simulate aerial image 
in response to mask 

50 

After mask pattern I 
Acceptable 

image 

K{ Fabricate mas'k I G, 2 



U.S. Patent Jul. 17, 2001 Sheet 2 0f 7 US 6,263,299 B1 

——-L-———A————4 



U.S. Patent Jul. 17, 2001 Sheet 3 0f 7 US 6,263,299 B1 

92 

Input mask data 
94 

l K 
Divide transmissive pon‘ions 

into primitive elements 

+ 96 
/\/ 

Obtain optical system responses for each primitive 
element, assuming a single coherent light source point 

V 
Combine responses over all primitive elements J 

to obtain mask response 

I 100 

Find the light intensity at the image plane by 3 
combining responses over all light source points 

FIG. 4 
122 

I Select ?rst vertex 

i 
7 

124 
126 

Inner angle, 
horizontal/ve/ticle 

vertex? 
Continue edge 

(' 130 
Form horizontal 
or verticle cut 

Non-hon'zontal/ 
verticle vertex? 

134 V 
132 

Select next 
vertex 

FIG. 5 



U.S. Patent Jul. 17, 2001 Sheet 4 0f 7 US 6,263,299 B1 

165 186 166 

\ 191 

254 
206 253 227 242 243 207 

( § I | \ / 
226v F/ \ K @228 

( _ _ ‘ _ _ K i \ 

205 225 204 229 208 

A 209 
FIG. 6B 252 ’ 

224 A 230 

\_/ 

202 223 203 

§ 
222r~ 

r > 
201 251 (221 



U.S. Patent Jul. 17, 2001 Sheet 5 0f 7 US 6,263,299 B1 

308 

JV 
M _ ‘\ ?u FIG. 7 

303/ 
300 

/ ‘ \( 30.2 304 

Ag 309 

{ 
20‘ g 314 

a \) Q 
lX-,Y,) M 301 

392 

input mask data 
394 

V [\1 
Divide transmissive portions 

into primitive elements 

I /—396 
Obtain spatial frequency function for 

each primitive element 

‘I 398 

Combine spatial frequency functions for j 
primitive elements to obtain transformed 

mask transmission function 

400 
V N 

Sample transformed mask 
transmission function 

‘I (- 402 
Use sampled mask transmission 
function to simulate aerial image 

FIG. 8 







US 6,263,299 B1 
1 

GEOMETRIC AERIAL IMAGE SIMULATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to simulation of an aerial 
image, and particularly relates to simulation of an aerial 
image produced by a mask to be used in patterning an 
integrated circuit (IC) chip during semiconductor Wafer 
fabrication. 

2. Description of the Related Art 

A. Wafer Construction 

Photolithography is a common technique employed in the 
manufacture of semiconductor devices. Typically, a semi 
conductor Wafer is coated With a layer (?lm) of light 
sensitive material, such as photoresist. Using a patterned 
mask or reticle, the Wafer is exposed to projected light, 
typically actinic light, Which manifests a photochemical 
effect on the photoresist, Which is subsequently chemically 
etched, leaving a pattern of photoresist “lines” on the Wafer 
corresponding to the pattern on the mask. 

A “Wafer” is a thin piece of semiconductor material from 
Which semiconductorchips are made. The four basic opera 
tions utiliZed to fabricate Wafers include (1) layering, (2) 
patterning, (3) doping and (4) heat treatments. 

The layering operation adds thin layers of material, 
including insulators, semiconductors, and conductors, to a 
Wafer surface. During the layering operation, layers are 
either groWn or deposited. Oxidation involves groWing a 
silicon dioxide (an insulator) layer on a silicon Wafer. 
Deposition techniques include, for example, chemical vapor 
deposition, evaporation, and sputtering. Semiconductors are 
generally deposited by chemical vapor deposition, While 
conductors are generally deposited With evaporation or 
sputtering. 

Patterning involves the removal of selected portions of 
surface layers. After material is removed, the Wafer surface 
has a pattern. The material removed may form a hole or an 
island. The process of patterning is also knoWn to those 
skilled in the relevant art as microlithography, 
photolithography, photomasking and masking. The pattern 
ing operation serves to create parts of the semiconductor 
device on the Wafer surface in the dimensions required by 
the circuit design and to locate the parts in their proper 
location on the Wafer surface. 

Doping involves implanting dopants in the surface of the 
Wafer through openings in the layers to create the n-type and 
p-type pockets needed to form the N-P junctions for opera 
tion of discrete elements such as transistors and diodes. 
Doping is generally achieved With thermal diffusion (the 
Wafer is heated and exposed to the desired dopant) and ion 
implantation (dopant atoms are ioniZed, accelerated to high 
velocities and implanted into the Wafer surface). 

Construction of semiconductor Wafers With these steps is 
Well knoWn in the art of semiconductor fabrication. 
Examples of Wafer construction processes are described in 
US. Pat. No. 5,679,598 issued to Yee on Oct. 21, 1997, 
entitled “Method of Making a CMOS Dynamic Random 
Access Memory (DRAM),” US. Pat. No. 5,663,076 issued 
to Rostoker et al. on Sep. 2, 1997, entitled “Automating 
Photolithography in the Fabrication of Integrated Circuits,” 
US. Pat. No. 5,595,861 issued to GarZa on Jan. 21, 1997, 
entitled “Method of Selecting and Applying a Top Antire 
?ective Coating of a Partially Fluorinated Compound,” US. 
Pat. No. 5,444,265 issued to Hamilton on Aug. 22, 1995, 
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2 
entitled “Method and Apparatus for Detecting Defective 
Semiconductor Wafers During Fabrication Thereof,” and 
US. Pat. No. 4,652,134 issued to Pasch et al. on Mar. 
24,1987, entitled “Mask Alignment System.” The speci?ca 
tions of these ?ve patents identi?ed in this paragraph are 
hereby incorporated herein as though set forth in full by this 
reference. 

B. Patterning And Proximity Effects 

One of the most critical operations in Wafer fabrication, 
patterning sets the dimensions of the electronic devices to be 
implemented on the IC chip. Errors in the patterning process 
can cause distortions that cause changes in the functions of 
these electronic devices. 

Design rule limitations frequently are referred to as criti 
cal dimensions. A critical dimension of a circuit is com 
monly de?ned as the smallest Width of a line or the smallest 
space betWeen tWo lines. Consequently, the critical dimen 
sion determines the overall siZe and density of an IC. In 
present IC technology, the smallest critical dimension 
forstate-of-the-art circuits is 0.3 micron for line Widths and 
spacings. 
Once the layout of the circuit has been created, the next 

step to manufacturing the integrated circuit is to transfer the 
layout onto a semiconductor substrate. Photolithography is 
a Well knoWn process for transferring geometric shapes 
present on a mask onto the surface of a silicon Wafer. In the 
?eld of IC lithographic processing, a photosensitive polymer 
?lm called photoresist is normally applied to a silicon 
substrate Wafer and then alloWed to dry. An exposure tool is 
utiliZed to expose the Wafer With the proper geometrical 
patterns through a mask (or reticle) by means of a source of 
light or radiation. After exposure, the Wafer is treated to 
develop the mask images transferred to the photosensitive 
material. These masking patterns are then used to create the 
device features of the circuit. 

FIG. 1A is a functional block diagram illustrating a 
system for patterning an IC chip 26 using a mask 22. 
Referring to FIG. 1, light 21 is incident on mask 22 at a right 
angle. Such Would be the case for a single point light source 
directly above mask 22 and far enough from mask 22 so that 
the Wavefront at mask 22 Would be approximately planar. It 
should, hoWever, be noted that light 21 is shoWn in this 
manner for illustration purposes only. Generally, the light 
source Will be an extended body consisting of many different 
points and, accordingly, light generally Will strike mask 22 
at many different angles. Thus, as shoWn in FIG. 1B, the 
light from points 31 and 32 on light source 30 Will strike 
mask 35 at different angles. 
Mask 22 includes transmissive and non-transmissive por 

tions Which effectively transmit and block light 21 so as to 
produce the desired pattern on IC chip 26. The light 23 
exiting from mask 22 passes through optical system 24 and, 
?nally, contacts IC chip 26, forming a light intensity pattern. 
Often, optical system 24 merely comprises the distance 
betWeen mask 22 and IC chip 26. HoWever, optical system 
24 may include one or more lenses, mirrors and/or other 
optical elements. 
An important limiting characteristic of the exposure tool 

is its resolution value. The resolution for an exposure tool is 
de?ned as the minimum feature that the exposure tool can 
repeatedly expose onto the Wafer. Currently, the resolution 
for most advanced optical exposure tools is around 0.2 
micron. Thus, the resolution value of present lithographic 
equipment is close to the critical dimension for most IC 
circuit designs. Consequently, the resolution of the exposure 
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tool may in?uence the ?nal siZe and density of the IC circuit. 
As the critical dimensions of the layout become smaller and 
approach the resolution value of the lithographic equipment, 
the consistency betWeen the masked and actual layout 
pattern developed in the photoresist is signi?cantly reduced. 
Speci?cally, it is observed that differences in pattern devel 
opment of circuit features depends upon the proximity of the 
features to one another. 

The magnitude of such proximity effects depends on the 
proximity or closeness of the tWo features present on the 
masking pattern. Proximity effects are knoWn to result from 
optical diffraction in the projection system. This diffraction 
causes adjacent features to interact With one another in such 
a Way as to produce pattern-dependent variations. 

Proximity effects and methods for correcting for them 
(i.e., optical proximity correction, or OPC, methods) are 
discussed in US. Pat. No. 5,682,323 issued on Oct. 28, 
1997, to Pasch et al. entitled “System and Method for 
Performing Optical Proximity Correction on Macrocell 
Libraries” (hereinafter the “Pasch ’323 patent”). The speci 
?cation of the Pasch ’323 patent is incorporated herein as 
though set forth in full by this reference. The system and 
method described in the Pasch ’323 patent performs optical 
proximity correction on an integrated circuit mask design by 
initially performing optical proximity correction on a library 
of cells that are used to create the IC. The pre-tested cells are 
imported onto a mask design. All cells are placed a mini 
mum distance apart to ensure that no proximity effects Will 
occur betWeen elements fully integrated in different cells. An 
optical proximity correction technique is performed on the 
mask design by performing proximity correction only on 
those components, e.g., lines, that are not fully integrated 
Within one cell. 

Proximity effects and methods for correcting for them are 
also discussed in US. Pat. No. 5,705,301 issued on Jan. 6, 
1998, to GarZa et al. entitled “Performing Optical Proximity 
Correction With the Aid of Design Rule Checkers” 
(hereinafter the “Garza ’301 patent”). The speci?cation of 
the GarZa ’301 patent is incorporated herein as though set 
forth in full by this reference. The system described in the 
GarZa ’301 patent involves a method for identifying regions 
of an integrated circuit layout design Where optical proxim 
ity correction Will be most useful and then performing 
optical proximity correction on those regions only. 
More speci?cally, the method includes the folloWing 

steps: (a) analyZing an integrated circuit layout design With 
a design rule checker to locate features of the integrated 
circuit layout design meeting prede?ned criteria; and (b) 
performing optical proximity correction on the features 
meeting the criteria in order to generate a reticle design. The 
criteria employed by the design rule checker to select 
features include outside corners on patterns, inside corners 
on features, feature siZe, feature shape, and feature angles. 

C. Mask Design 

An overvieW of a technique for designing a mask Will noW 
be described With reference to the How diagram shoWn in 
FIG. 2. Referring to FIG. 2, in step 42 an initial mask pattern 
is obtained. Generally, points in the initial mask pattern Will 
have an amplitude of one Where the pattern is supposed to 
appear on the chip and an amplitude of Zero Where no pattern 
is to appear on the chip. HoWever, the initial mask pattern 
instead may be speci?ed in other Ways. 

In step 44, an aerial image Which Would be produced by 
a mask having the mask pattern is simulated. Examples of 
conventional techniques for simulating an aerial image are 
described beloW. 
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4 
In step 46, it is determined Whether the simulated image 

is acceptable. Generally, the main criterion in making this 
determination is Whether the simulated image has suf?cient 
resolution to enable patterning Which Will result in error-free 
device fabrication. If the image is acceptable, then process 
ing proceeds to step 48 in order to fabricate a mask having 
the designed pattern. OtherWise, processing proceeds to step 
52. 

In step 52, the mask pattern is altered, such as by adding 
and/or modifying serifs, in an attempt to improve the reso 
lution of the aerial image. Such a process is described in 
more detail beloW. Upon completion of mask pattern 
alteration, processing returns to step 44 in order to simulate 
an aerial image based on the neW mask pattern. 

D. Proximity Effect Correction 

A technique related to proximity effects involves the use 
of modi?ed shapes or adjacent subresolution geometries to 
improve imaging. An example of this is the use of serifs on 
the corners of contacts. For contacts With dimensions near 
the resolution limit of the optics, a square pattern on the 
reticle Will print more nearly as a circle. Additional geom 
etries on the corners Will help to square the corners of the 
contract. Such techniques often are called proximity correc 
tion. An example of such a technique is described in US. 
patent application Ser. No. 09/034,550 ?led Mar. 3, 1998 
and titled “Method And Apparatus For Application Of 
Proximity Correction With Relative Segmentation,” Which 
application is incorporated by reference herein as though set 
forth herein in full. 

Proximity effects are a Well-knoWn phenomenon in elec 
tron beam lithography, Where they result from electron 
scattering. In optical lithography proximity effects are 
caused by the phenomenon of diffraction. As a consequence 
of proximity effects, printed features do not have simple 
relationships to reticle dimensions. This creates a situation in 
Which it is dif?cult to fabricate a photomask Where the 
designer gets What he or she Wants on the Wafer. 

Some limited form of proximity correction has been in 
use for at least tWo or three decades. These pattern modi? 
cations Were usually requested by a Wafer engineer based on 
knoWledge of a particular process step. In recent years, 
proximity correction has become more of a science than an 
art due to the introduction of several proximity correction 
softWare programs. The proximity correction process con 
sists of measuring several generic test patterns processed on 
a Wafer and constructing a multilevel lookup table from the 
measured data. 

E. Numerical Simulation of an Aerial Image 

Lithographic simulators are becoming an important tool 
in the evaluation of optimal lithographic processing. 
Speci?cally, by simulating aerial images, the time required 
to design a mask often can be shortened. Simulators often 
are also useful for correcting optical proximity effects. 
The aerial image produced by a mask, or the light 

intensity in an optical projection system’s image plane, is a 
critically important quantity in microlithography for gov 
erning hoW Well a developed photoresist structure replicates 
a mask design. The aerial image represents, to a large extent, 
the optical information about the mask that enters into the 
photoresist structure. Of course, the full calculation of the 
resist structure generally has to take into account other 
factors, such as propagation of light Within the resist, 
exposure of the resist, any subsequent thermal or other such 
processes, and the dissolution of the resist. Nevertheless, the 
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aerial image typically is the single most important predictor 
of mask printability. 

The models used in conventional aerial image simulators 
are based either on scalar diffraction theory or vector dif 
fraction theory. The models based on scalar theory usually 
folloW the analysis of Hopkins. In Hopkins’s analysis, light 
intensity is propagated through the optical system. The mask 
plane is treated as a partially coherent source surface, and a 
coherent transfer function describes hoW a point source in 
the mask plane is imaged in the plane of the resist. The aerial 
image (light intensity) at a point g is given as: 

Where ri and rj points in the mask plane; K(ri, g) is the 
coherent impulse response function of the optical system; U( 
ri) is the mask complex transmission function; and B(rm1, 
rj) is the mutual coherence function of the light at the mask 
plane. 

If expression (1) is used for calculation of an aerial image 
at point Q, the number of operations required generally is on 
the order of L2, Where L is the number of points in the region 
of integration. It is noted that L generally determines the 
accuracy of the numerical integration of the integral in 
equation In order to calculate the aerial image at a mesh 
With N nodes, the number of operations required generally 
is on the order of NL2. Frequently, L is of the same order as 
N. 

The second group of models (i.e., those based on vector 
diffraction theory) generally folloW the Work of Yeung, Who 
traces vector electric ?elds through the optical system onto 
the photoresist surface. Speci?cally, each ray emanates from 
a particular source point and travels through a different 
portion of the mask and the optical system. One advantage 
of this method is the possibility of application of the Fast 
Fourier Transform (FFT) in the calculation of coherent 
images from each source point. The electric ?eld at the resist 
surface due to that source point can be obtained by integra 
tion over the solid angles subtended by the optical system, 
and may be represented as: 

Where 

is the Fourier transform of the mask transmission function, 

is the coherent transmission function of the optical 

system, Ki) is the intensity distribution at the source 
surface, and I0 is the open frame intensity. 

The aerial image calculation according to equation (2) 
thus consists of the folloWing steps: (1) ?nd the Fourier 
transform of the mask transmission function, Which is called 
the spatial frequency spectrum of the mask; (2) multiply the 
spatial frequency spectrum of the mask by the coherent 
transmission function of the optical system, and repeat this 
step for each source point used in the calculation of the aerial 
image; (3) ?nd the inverse Fourier transform of the function 
obtained in step (2); (4) multiply the result obtained in step 
(3) by its complex conjugate value; and (5) sum the coherent 
aerial images from all source points. 

Steps (1) and (3) may be executed With the FFT algorithm. 
This calculation generally is the fastest Way of obtaining the 
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6 
aerial image at a mesh having N nodes, because it typically 
only requires on the order of P(N+1)IgN operations, Where 
P is the number of source points and typically is much 
smaller than N. 

Avariety of simulators are commercially available. Prob 
ably the most popular is Fast Aerial Image Model (FAIM), 
developed by Vector Technologies, Inc. and Princeton Uni 
versity. FAIM is capable of simulating segments of a 
computer-aided design (CAD) layout. It is generally uni 
form in accuracy and enables the user to simulate an aerial 
image of a segment (4x12 microns) in about 12 seconds on 
a 20 MFLOPS Workstation. 
As noted above, aerial image simulators are very impor 

tant in OPC. In these applications, the simulator is required 
to be very fast because it is in a loop for performing an 
iterative correction procedure. Accordingly, improvements 
in the speed of such simulators are highly desirable, par 
ticularly When such simulators are used in OPC. 
As noted above, Yeung’s technique is relatively fast, 

because it can be executed using the FFT algorithm. 
HoWever, Yeung’s technique typically introduces additional 
errors into the simulation process. Speci?cally, prior to 
determining the FFT in step (1) above, the mask transmis 
sion function generally must ?rst be rasteriZed. In this 
regard, the mask transmission function typically is initially 
represented in GDS2 format, Which provides a geometric 
description of the mask pattern. Transformation into raster 
format is accomplished by sampling the mask pattern on a 
rectangular mesh. HoWever, the mask transmission function 
generally is not analytical near polygon boundaries, and 
therefore the GDS2-to-raster transformation often intro 
duces errors. In general, these areas become larger as the 
polygon dimensions become smaller. 
An example of such errors is illustrated With reference to 

FIGS. 3A and 3B. Speci?cally, FIG. 3A illustrates a mask 
pattern 71 superimposed over a mesh 72. Mesh 72 includes 
regularly spaced nodes, such as nodes 74. Generally, raster 
iZation is performed by determining Whether a node is more 
or less than 50 percent occupied by transmissive portions of 
the mask pattern. If a particular node is more than 50 percent 
occupied by transmissive portions, the entire node is repre 
sented as transmissive. OtherWise, the entire node is repre 
sented as non-transmissive. Thus, FIG. 3B illustrates a 
patten 78 Which results after rasteriZing mask pattern 71. As 
seen by comparing FIGS. 3B and 3A, several errors have 
occurred during rasteriZation. In particular, pattern 78 is 
shifted to the left and upWard as compared to pattern 74. In 
addition, the entire triangular portion 79 of pattern 74 has 
been eliminated in pattern 78. 

The effects of rasteriZation error can be reduced by using 
a ?ner rasteriZation mesh. HoWever, using a ?ner mesh also 
signi?cantly increases the complexity of the required cal 
culations by increasing the number of required operations. 
Thus, the conventional techniques typically require a trade 
off betWeen speed and accuracy. 
What is needed, therefore, is a technique for aerial image 

simulation Which can maintain high accuracy and Which can 
be executed very quickly. 

SUMMARY OF THE INVENTION 

The present invention addresses the foregoing problems 
by simulating an aerial image produced by a mask by 
combining responses of various primitive elements that 
make up the mask. 

Thus, according to one aspect, the invention simulates an 
aerial image produced by a mask having transmissive por 
tions When the mask is exposed to a light source by dividing 
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the transmissive portions of the mask into primitive ele 
ments. A response function is obtained for each of the 
primitive elements, and the response functions for all of the 
primitive elements are summed to obtain a mask response 
function. The aerial image is then simulated by evaluating 
the mask response function over all points in the light 
source. 

According to a further aspect, the invention simulates an 
aerial image produced by a mask having transmissive por 
tions When the mask is exposed to a light source by dividing 
the transmissive portions of the mask into primitive ele 
ments. A response is obtained for each of the primitive 
elements When the primitive element is exposed to a single 
point in the light source, and then the aerial image is 
simulated by combining the responses over all of the primi 
tive elements and over all points in the light source. 

According to a still further aspect, the invention simulates 
an aerial image produced by a mask having transmissive 
portions by dividing the transmissive portions of the mask 
into primitive elements, obtaining a response for each of the 
primitive elements, and then simulating the aerial image by 
combining the responses over all of the primitive elements. 
By dividing mask transmissive portions into primitive 

elements, obtaining responses for those primitive elements, 
and then determining the overall mask response based on the 
responses from the primitive elements, the present invention 
often can avoid many of the problems With the prior art 
techniques. Speci?cally, the geometric aerial image simula 
tion technique of the present invention generally can avoid 
the need to rasteriZe the mask pattern, thereby avoiding 
rasteriZation errors. At the same time, the present technique 
often can be performed relatively quickly. In this regard, in 
many instances the response of a primitive element can be 
found using only the vertices of the primitive element. In 
addition, if standard primitive elements are used, the primi 
tive element responses can be pre-stored, thus further reduc 
ing the amount of time required to simulate an aerial image. 

Finally, by utiliZing a geometric aerial image simulation 
technique according to the present invention, it is often 
much easier to calculate light intensity only in a small 
arbitrarily selected portion of the image plane. Conventional 
techniques, by contrast, often use FFT-based algorithms 
Which generally require simulation of the entire image 
plane. This can be a great advantage of the present 
technique, because it is frequently only desirable to knoW 
light intensity in certain selected portions of the image plane, 
such as near feature edges. 

The foregoing summary is intended merely to provide a 
quick understanding of the general nature of the invention. 
A more complete understanding of the invention can be 
obtained by referring to the claims and the folloWing 
detailed description of the preferred embodiments in con 
nection With the accompanying ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B are functional block diagrams illustrat 
ing IC chip patterning. 

FIG. 2 is a How diagram for explaining hoW to design a 
mask transmission function. 

FIGS. 3A and 3B illustrate a conventional technique for 
simulating an aerial image. 

FIG. 4 is a How diagram for explaining geometric aerial 
image simulation according to a preferred embodiment of 
the invention. 

FIG. 5 is a How diagram for explaining mask pattern 
decomposition according to a representative embodiment of 
the invention. 
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FIGS. 6A and 6B illustrate examples of mask pattern 

decomposition using the method shoWn in FIG. 5. 
FIG. 7 illustrates hoW to determine an optical system 

response to a right triangular primitive element according to 
the preferred embodiment of the invention. 

FIG. 8 is a How diagram for explaining hybrid aerial 
image simulation according to a preferred embodiment of 
the invention. 

FIGS. 9A and 9B illustrate a rectangular primitive ele 
ment and a triangular primitive element, respectively. 

FIG. 10 illustrates a block diagram of a general purpose 
computer Which is one suitable platform for implementing 
the methods of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT(S) 

The folloWing describes aerial image simulation tech 
niques according to the present invention. Any of the fol 
loWing techniques may be utiliZed in mask design, such as 
to simulate an aerial image in step 44, as shoWn in FIG. 2. 

A. Geometric Aerial Image Simulation 

An embodiment of a geometric aerial image simulation 
technique according to the present invention Will noW be 
described With reference to the How diagram shoWn in FIG. 
4. Brie?y, according to FIG. 4, mask data are input; the 
transmissive portions of the mask are divided into primitive 
elements; an optical system response is obtained for each 
primitive element, for a single coherent light source point; 
the responses over all primitive elements are combined to 
obtain an overall mask response; and ?nally, the light 
intensity is determined at the image place by combining 
responses over all light source points. 

In more detail in step 92, mask data are input. Typically 
the mask data Will be in GDS2 format and Will specify the 
transmissive portions of the mask pattern. 

In step 94, the transmissive portions of the mesh are 
divided into primitive elements. In the preferred embodi 
ment of the invention, each polygon in the mask pattern is 
processed separately, as described in more detail beloW. In 
this regard, the processed polygons can be the polygons as 
they naturally occur in the mask pattern. In addition, poly 
gons can result from dividing the mask into a number of 
WindoWs (such as rectangular WindoWs), Which division 
may be performed, for example, in order to facilitate parallel 
processing. As a result of such division, a single polygon can 
be divided into tWo or more polygons, and those smaller 
polygons can be processed separately. HoWever, it should be 
noted that in order to perform parallel processing, the 
techniques of the present invention generally Will not require 
spatial division of the mask area. That is, separate polygons 
ordinarily can be processed independently using the tech 
niques of the present invention, regardless of their relative 
spatial positions. 

Preferably, the primitive elements are rectangles and right 
triangles. HoWever, the invention is not so limited, and the 
primitive elements may include other geometric shapes in 
addition to or instead of rectangles and right triangles. For 
example, as noted beloW, the primitive elements may 
include polygons Which can be formed as the sum of 
rectangles. It is also preferred that step 94 is performed by 
systematically making cuts in the mask pattern to divide the 
pattern into such primitive elements. 
One example of such a technique Will noW be described 

With reference to the How diagram shoWn in FIG. 5. 
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Speci?cally, FIG. 5 illustrates a How diagram for explaining 
segmentation of a single polygon in the mask pattern accord 
ing to a representative embodiment of the invention. The 
steps shoWn in FIG. 5 are repeated for each polygon in the 
mask pattern. It is noted that most polygons Will consist 
mainly of horiZontal and vertical edges, but may also consist 
of edges oriented at arbitrary angles. Because most of the 
edges are either horiZontal or vertical, the method shoWn in 
FIG. 5 divides a polygon into rectangular and right triangle 
primitives by making horiZontal and vertical cuts in the 
polygon. 

Brie?y, according to FIG. 5, the ?rst vertex in the current 
polygon is selected; if the current vertex is an inner angle 
and is a horiZontal/vertical vertex, then one of the edges 
forming the vertex is continued to form a cut; if the vertex 
is not a horiZontal/vertical vertex, then a horiZontal or 
vertical cut is made in the polygon; the foregoing steps are 
then repeated for each vertex While traversing the polygon in 
a single direction (e.g., clockWise or counter-clockWise); all 
of the foregoing steps are then repeated for each polygon in 
the mask pattern. 

In more detail, in step 122, the ?rst vertex of the current 
polygon is selected. In the current embodiment, the initial 
vertex is selected arbitrarily. HoWever, the invention also 
contemplates selecting the initial vertex according to pre 
de?ned rules in order to optimiZe segmentation of the 
polygon. 

In step 124, it is determined Whether the current vertex is: 
(1) an inner angle and (2) a horiZontal/vertical vertex. With 
regard to (1), the vertex is an “inner angle” if continuing 
either edge at the vertex Would extend the edge into the 
polygon. With regard to (2), the vertex is a “horiZontal/ 
vertical” vertex if one of the edges is horiZontal and the other 
is vertical. As noted above, the horiZontal and vertical 
orientations Will have been decided in advance based on the 
predominant orientations of the edges in the mask pattern. If 
both of conditions (1) and (2) are true, then processing 
proceeds to step 126. OtherWise, processing proceeds to step 
128. 

In step 126, one of the horiZontal and vertical edges is 
continued at the vertex into the polygon until either another 
edge or a cut is encountered. In the present embodiment, the 
edge to be continued is selected arbitrarily. HoWever, the 
present invention also contemplates selecting the speci?c 
edge according to pre-de?ned rules directed at optimiZing 
polygon segmentation. 

In step 128, it is determined Whether the current vertex is 
a non-horiZontal/vertical vertex, i.e., if one of the edges is 
neither horiZontal nor vertical. If the current vertex is a 
non-horiZontal vertex, then processing proceeds to step 130. 
OtherWise processing proceeds to step 132. 

In step 130, a horiZontal or vertical cut is made into the 
polygon at the current vertex. This cut is preferably made as 
folloWs. If one of the edges is either horiZontal or vertical, 
then (1) the edge is extended into the polygon if it can be so 
extended, or (2) a cut oriented 90 degrees relative to such 
horiZontal or vertical edge is made into the polygon if such 
vertical or horiZontal edge cannot be extended into the 
polygon. If neither edge is horiZontal or vertical, then a 
horiZontal or vertical cut is made at the vertex With the 
speci?c direction being selected arbitrarily. In any case, the 
cut is made into the polygon until either another edge or a 
cut is encountered. It is noted that While the foregoing 
technique for performing step 130 is preferred, other tech 
niques may instead be used. 

In step 132, it is determined Whether the current vertex is 
the last vertex. If it is, then the current polygon is completed 
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10 
and the next polygon is selected. OtherWise, processing 
proceeds to step 134. 

In step 134, the next vertex is selected, preferably ver 
texes are selected for the current polygon by traversing 
around the polygon in a consistent direction, such as con 
sistently in a clockWise or consistently in a counter 
clockWise direction. Upon completion of step 134, process 
ing proceeds to step 124 to begin analyZing the neW vertex 
to determine Whether any cut should be made at that vertex. 

Although the foregoing describes one technique for seg 
menting polygons into primitive elements, the invention is 
not limited only to the above-described technique. Rather, 
any technique may be used for segmentation of the mask 
pattern. In particular, the speci?c technique chosen may 
depend upon the types of primitive elements to be used. 

Examples of the foregoing method Will noW be given With 
reference to FIGS. 6A and 6B. FIG. 6A illustrates a polygon 
160 Which includes vertices 161 to 166. In the present 
example, polygon 160 is segmented by beginning at vertex 
161 and proceeding in a clockWise direction. Vertex 161 is 
a horiZontal/vertical vertex. HoWever, vertex 161 is not an 
inner angle because neither of edges 181 or 182, if extended 
at vertex 161, Would extend into polygon 160. Accordingly, 
no cut is made at vertex 161. The next vertex is vertex 162, 
Which is also a horiZontal/vertical vertex, but Which is not an 
inner angle. 

Next, vertex 163 is a non-horiZontal/vertical vertex 
because edge 184 is neither horiZontal nor vertical. Vertical 
edge 183 cannot be extended into polygon 160 at vertex 163. 
Accordingly, a cut 172 is made at vertex 163 With cut 172 
being orthogonal to edge 183. Cut 172 continues into 
polygon 160 until edge 181 is encountered. 

Next, vertex 164 is also a non-horiZontal/vertical vertex 
because edge 184 is neither horiZontal nor vertical. Because 
edge 185 is vertical and can be extended into polygon 160, 
a cut 174 is made into polygon 160 Which extends from edge 
185 and continues into polygon 160 until cut 172 is encoun 
tered. 

Each of vertices 165 and 166 is a horiZontal/vertical 
vertex, but is not an inner vertex. Accordingly, no cuts are 
made at those vertices. At this point, the segmentation of 
polygon 160 is completed. As can be seen in FIG. 6A, three 
primitive elements have been identi?ed; rectangles 191 and 
192 and right triangle 193. 
The next example concerns polygon 200 shoWn in FIG. 

6B. Segmentation begins With vertex 201 and proceeds in a 
clockWise direction. 

Each of vertices 201 and 202 is a horiZontal/vertical 
vertex, but is not an inner angle. Accordingly, no cuts are 
made at those vertices. 

Vertex 203 is a horiZontal/vertical vertex. In addition, 
vertex 203 is an inner angle because either edge 223 or edge 
224 can be extended into polygon 200. As noted above, in 
the current embodiment, the edge to be extended is deter 
mined arbitrarily. In the current example, edge 223 is 
selected because it is the ?rst edge encountered in a clock 
Wise direction. Accordingly, cut 241 is made by extending 
edge 223 into polygon 200 until edge 230 is encountered. 

Next, vertex 204 is also a horiZontal/vertical vertex and is 
an inner angle. Accordingly, edge 224 (the ?rst encountered 
in a clockWise direction) is extended into polygon 200 to 
form cut 242, Which continues until edge 227 is encoun 
tered. 

Next, vertices 205,206,207 and 208 are all horiZontal/ 
vertical vertices, but are not inner angles. Accordingly, no 
cut is made at those vertices. 
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Next, vertex 209 is a horiZontal/vertical vertex and is an 
inner angle. Accordingly, edge 229 (Which is the ?rst 
encountered in a clockwise direction) is extended into 
polygon 200 to form cut 243, Which continues until encoun 
tering edge 224. 

Next, vertex 210 is a non-horiZontal/vertical vertex. 
Ordinarily, a cut Would be made at this vertex corresponding 
to cut 241. HoWever, since cut 241 has already been made, 
no additional cut needs to be made at this point. 

Next, vertex 211 is a non-horiZontal/vertical vertex. Edge 
221 is a horiZontal edge, but cannot be extended at vertex 
211 into polygon 200. Accordingly, a cut 244 Which is 
orthogonal to edge 221 is made at vertex 211 into polygon 
200 until cut 241 is encountered. 

At this point, segmentation of polygon 200 is completed. 
The primitive elements Which make up polygon 200 include 
rectangles 251 to 254 and right triangle 255. It is noted that 
in other embodiments, additional processing may be per 
formed to combine rectangles 253 and 254 into a single 
rectangle. 

Returning to FIG. 4, in step 96 the optical system response 
is obtained for each primitive element, given a single 
coherent light source point. In the case of a rectangular 
primitive element, de?ned With the edges 

x=x1=const, x=x2=const, y=y1=const, y=y2=const, 

Where x1<x2 and y1<y2, 

and When the mask is exposed to the monochromatic Wave: 

it can be shoWn that the complex amplitude of the electric 
?eld at the image plane is given by: 

Where index v numerates the vertices of the rectangles; and 
sv=1 for xv=x2 and yv=y2, sv=1 for xv=x2 and yv=y1, and 
sv=—1 elseWhere. Function ZE(X,k) depends on the type of 
aperture. For example, if the exit aperture is a square 
WindoW With dimensions a><a, then: 

Where km=a/2Z, Z is the distance from exit aperture to image 
plane, and Si and Cin are integral sine and cosine functions, 
respectively, de?ned as folloWs: 

cimz) : fll — 008(1) dt 
0 I 

Let us noW consider an object, i.e., an element in the mask 
pattern, consisting of multiple rectangular primitive ele 
ments. The pattern can consists of one or several polygons, 
With the restriction that it can be represented as a sum of 
rectangles. The response of the optical system to this pattern 
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can be represented as a sum of products of the form: 
sVZx(x—xv,kSx)Zy(y—yv, kys) taken over all vertices of the 
rectangles. 

Generally, many of the vertices of the component rect 
angles Will be common to several different rectangles. Using 
the previously introduced sign convention, most of the sum 
terms can be canceled out. For example, if vertices of four 
of the rectangles meet at a certain point, the total contribu 
tion from that point is equal to Zero. Consequently, all the 
vertices that fall inside the pattern are excluded from the 
sum, as is each vertex that belong to a single straight edge 
in the composite mask pattern element. What ?nally remains 
in the sum are only those rectangle vertices that are also 
vertices of the composite element. 
NoW, a formula for determining the light ?eld at the resist 

plane due to a composite element consisting of rectangles in 
the mask plane is: 

all'vertices 

Equation (6) thus illustrates that the manner of decom 
posing an element into rectangles generally is irrelevant and 
that the optical system response to a polygon comprised of 
rectangles can be determined Without decomposing the 
polygon into rectangles. Thus, any polygons Which can be 
decomposed into rectangles can be easily used as primitive 
elements in the present invention. Similarly, equation (6) can 
be utiliZed in a pre-processing routine to reduce the number 
of rectangular vertices that need to be considered When 
determining responses to rectangular primitives in step 98. 

Referring to FIG. 7, The procedure for determining the 
optical system response to a right triangular primitive ele 
ment 300 of arbitrary dimensions preferably is as folloWs: 

1. The right triangular primitive element 300 is described 
by the coordinates of its right angle (x1,y1) and the length of 
its sides, as illustrated in FIG. 7. In the present example it 
Will be assumed that right triangular primitive element 300 
is an isosceles triangle, although it should be noted that 
triangular primitives according to the present invention are 
not limited to isosceles triangles. 

2. Triangular primitive element 300 is decomposed into a 
number of rectangles and smaller triangles, as illustrated in 
FIG. 7. As shoWn in FIG. 7, right triangle 300 is comprised 
of rectangles, such as rectangles 301 to 304, and smaller 
triangles. These smaller triangles include positive triangles 
Whose responses are added to those of the rectangles, such 
as positive triangles 308 and 309, and negative triangles 
Whose responses are subtracted from those of the rectangles, 
such as negative triangles 313 and 314. The dimensions of 
these rectangles and smaller triangles is shoWn in FIG. 7, 
Where 6=a/L, a is the length of a side of the triangle, and L 
is an integer. The optical system response is noW given as the 
sum of the responses of the rectangles and smaller triangles, 
as folloWs: 

11mm. y. k; /<;. x1. M. a) = (7) 

Hrect(x, y, ks ks X, y, 
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3. The term that corresponds to the rectangles, according 
to equation (6) above, can be transformed into the following 
form: 

Lil 

14 
response function. Preferably, this step is performed simply 
by summing the responses for all primitive elements iden 
ti?ed in step 94. In the present embodiment, the overall mask 

(3) 

4. It can be shoWn that the relative contribution of the 
smaller triangles to the optical system response to the right 
triangular primitive element is less than 10-3 of the total 
response When a right triangle With sides equal to )t (the 
Wavelength of the incident light) is represented With 16 
rectangles. 

5. When higher precision is necessary, for smaller tri 
angles With dimensions less than )t, the contribution of the 
smaller triangles can be given as: 

Hiriangle 

—a, ks ks 

Where 

and Z‘ denotes the ?rst derivative of Z over the ?rst 
argument. 

To calculate JA, the Gauss quadratic formula is used, as 
folloWs: 

are the Zeros of Legendre polynomials, and A15”) are the 
coef?cients of the Gauss quadratic formula. 

While the foregoing technique is utiliZed to determine 
optical system response to triangular primitive elements in 
the preferred embodiment of the invention, it should be 
noted that other techniques also may be used. Moreover, as 
noted above, other types of primitive elements also may be 
used. Also, rather than calculating the response to the 
primitive elements in step 96, responses may be pre-stored 
for standard primitive elements and then simply retrieved 
from memory in step 96. Pre-storing responses to standard 
primitive elements may increase simulation processing 
speed, as Well as providing the opportunity to use primitive 
elements for Which closed form response equations can not 
be derived or for Which responses are dif?cult to calculate 
on-the-?y. 

Returning to FIG. 4, in step 98 the responses from all 
primitive elements are combined to obtain an overall mask 
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response function is thus given as: 

H(x, y, ks ks) = (12) 

all'rect all’ triang 

In step 100, the light intensity at the image plane is 
determined by combining the responses over all light source 
points. Preferably, this step is performed by integrating over 
all points of light source using the folloWing expression: 

(13) 

Where S B kx S,kyS) is the Fourier transform of the tWo-point 
coherence function. 

For eXample, for a light source With a circular aperture, 
uniform distribution and coherence parameter o[3], SE is 
knoWn to be: 

1 

SB = 

0 

In the preferred embodiment of the geometric aerial 
simulation, transmissive portions of the mask are divided 
into primitive elements, responses for the primitive elements 
are determined, and then an overall mask response is deter 
mined. In the foregoing embodiment, the responses of all 
primitive elements to a single point light source are summed 
and then the responses are evaluated and combined over all 
light source points. HoWever, it should be understood that 
this particular order is not strictly necessary. Instead, steps 
98 and 100 can be interchanged or can be combined into a 
single step. 
By dividing mask transmissive portions into primitive 

elements, obtaining responses for those primitive elements, 
and then determining the overall mask response based on the 
responses from the primitive elements, the present invention 
often can avoid many of the problems With the prior art 
techniques. Speci?cally, the geometric aerial image simula 
tion technique of the present invention generally can avoid 
the need to rasteriZe the mask pattern, thereby avoiding 
rasteriZation errors. At the same time, the present technique 
often can be performed relatively quickly. In this regard, as 
noted above, in many instances the response of a primitive 
element can be found using only the vertices of the primitive 
element. In addition, if standard primitive elements are used, 
the primitive element responses can be pre-stored, thus 
further reducing the amount of time required to simulate an 
aerial image. 

Finally, by utiliZing a geometric aerial image simulation 
technique according to the present invention, it is often 

elsewhere 
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much easier to calculate light intensity only in a small 
arbitrarily selected portion of the image plane. Conventional 
techniques, by contrast, often use FFT-based algorithms 
generally require simulation of the entire image plane. This 
can be a great advantage of the present technique, because 
it is frequently only desirable to knoW light intensity in 
certain selected portions of the image plane, such as near 
feature edges. 

B. Hybrid Aerial Image Simulation 

An embodiment of a hybrid aerial image simulation 
technique according to the present invention Will noW be 
described With reference to the How diagram shoWn in FIG. 
8. Brie?y, according to FIG. 8, the mask pattern data are 
input; the transmissive portions of the mask pattern are 
divided into primitive elements; a spatial frequency function 
is obtained for each primitive element; the spatial frequency 
functions are combined to obtained a transformed mask 
transmission function; the transformed mask transmission 
function is sampled based on the desired image plane mesh; 
and the sampled mask transmission function is then used to 
simulate the aerial image. 

In more detail, in step 392, the mask pattern data are input. 
Typically, the transmissive portions of the mask pattern are 
speci?ed in GDS2 format. 

In step 394, the transmissive portions of the mask pattern 
data are divided into primitive elements. Preferably, the 
primitive elements are rectangles and right triangles. 
HoWever, as discussed above, other types of primitive 
elements may instead be used. More preferably, this step is 
performed in the same manner as step 94 (shoWn in FIG. 4 
above). 

In step 396, a spatial frequency function is obtained for 
each of the primitive elements. Preferably, the spatial fre 
quency functions are Fourier transforms of the correspond 
ing primitive elements. HoWever, the spatial frequency 
functions instead may be obtained using other types of 
transformations, such as by using a cosine transformation. 
Also, as noted above, it is preferable that the primitive 
elements are rectangles and triangles. For an arbitrary 
rectangle, such as rectangle 430 shoWn in FIG. 9A, it can be 
shoWn that the Fourier transform is given as folloWs: 

sin( %€) A (15) 

Where (x1,y1) are the coordinates of the loWer left corner 
431 of rectangle 430, (x2,y2) are the coordinates of the 
upper right corner 432 of rectangle 430, )t is the Wavelength 
of the incident light, and the transmission function equals 1 
Within the rectangle and 0 outside the rectangle. Origin 435 
can be arbitrarily located; hoWever, it is preferable that 
origin 435 be ?xed relative to the mask for all primitive 
elements, in order to avoid application of relative phase 
shifts in step 398. It is noted that, in the present embodiment 
of the invention, the edges of the rectangular primitive 
elements Will be parallel to the X and y axes. Accordingly, 
equation (15) above can be used to ?nd the Fourier trans 
form of any rectangular primitive element. If arbitrarily 
oriented rectangles are intended to be used as primitive 
elements, a more general formulation of the Fourier trans 
form Will have to be used. 
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For an arbitrary triangle, such as triangle 450 shoWn in 

FIG. 9B, it can be shoWn that the Fourier transform is given 
as follows: 

1 

and Where (x1,y1), (x2,y2) and (x3,y3) are the coordinates 
of the three triangle vertices 451 to 453, respectively; 9» is the 
Wavelength of the incident light; and the transmission func 
tion equals 1 Within the triangle and 0 outside the triangle. 
As noted above, origin 435 can be placed arbitrarily, but 
preferably is positioned the same relative to the mask for all 
primitive elements. 

Thus, in the preferred embodiment, the spatial frequency 
functions for the primitive elements are calculated analyti 
cally on-the-?y. HoWever, it should be noted that it is also 
possible to calculate these functions using a discrete trans 
formation such as the FFT or the Discrete Cosine Transfor 
mation (DCT). This may be desirable, for example, Where at 
least some of the primitive elements have complicated 
shapes for Which an analytical transformation cannot be 
easily determined. In this case, it may be possible to use a 
?ner mesh than could be used if, for example, the entire 
mask pattern had to be transformed using the FFT. Also, if 
standard primitive elements are used, the spatial frequency 
transformations generally can be pre-stored. 

In step 398, the spatial frequency functions for the primi 
tive elements making up the mask pattern are combined to 
obtain the transformed mask transmission function. In the 
preferred embodiment, in Which equations (15) and (16) are 
used to determine the primitive elements’ spatial frequency 
transformations, and assuming that the same origin 435 is 
used for all primitive elements, this step merely involves 
adding the spatial frequency functions for the primitive 
elements. Thus, the transformed mask transmission function 
is given as folloWs: 

HoWever, if spatial frequency functions are pre-stored, or 
if different origins are used for different primitive elements, 
it may be necessary to multiply some or all of the spatial 
frequency functions for the primitive elements by an appro 
priate phase shift, in order to re?ect their relative positions 
in the mask, prior to adding them. 

In step 400, the transformed mask transmission function 
is sampled. The sampling step siZe generally can be inde 
pendent of the mask features and, in particular, independent 
of the mask feature siZes. Instead, the step siZe can be chosen 
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based on the desired resolution in the image plane and based 
on the limitations of the optical system. In this latter regard, 
the step siZe generally should be not larger than: 

A (13) 
2NA(1 +0’) 

Where )L is the Wavelength of the incident light, NA is the 
numerical aperture of the optical system, and o is the 
coherence parameter of the light source. 

Finally, in step 402 the sampled mask transmission func 
tion is used to simulate the aerial image. In the preferred 
embodiment of the invention, this step is performed by 
combining the mask transmission function With the optical 
system coherent transmission function, performing an 
inverse spatial frequency transformation, and then evaluat 
ing over all light source points, such as according to equa 
tion (2) above. More preferably, equation (2) is evaluated 
using a number of processors to separately simulate portions 
of the aerial image, such as using the folloWing technique. 

First, the aerial image plane is divided into a number of 
non-overlapping rectangles. Then, the aerial image is evalu 
ated in each such rectangle by dividing the mask plane into 
a number of rectangles, Where the area of each rectangle in 
the mask plane is primarily responsible for the portion of the 
1S aerial image in a corresponding rectangle in the aerial 
image plane. Generally, such rectangles in the mask plane 
Will be larger than their corresponding rectangles in the 
image plane, and therefore Will have to overlap. For 
example, if light is incident on the mask plane at 90 degrees, 
the rectangles in the mask plane Will be directly above the 
corresponding rectangles in the aerial image plane, but 
generally Will be larger than the rectangles in the aerial 
image plane. It is preferable that the rectangles in the mask 
plane have dimensions of approximately tWice the dimen 
sions of the rectangles in the image plane. Generally, accu 
rate results can be obtained by using rectangles in the mask 
plane having dimensions of at least 2)t/(NA) With corre 
sponding rectangles in the aerial image plane being the 
center rectangles of those in the mask plane and having 
dimensions of )L/(NA), Where )L is the Wavelength of the 
incident light and NA is the numerical aperture. 

While the above describes a representative embodiment 
of hybrid simulation according to the present invention, 
numerous variations are possible. For example, sampling 
step 400 could be performed prior to combining step 398. 
Also, other simulation formulas may be used in step 402. 

Hybrid aerial image simulation according to the present 
invention can be used in mask design, such as in step 44 
(shoWn in FIG. 2). After aerial image simulation, it may be 
desirable to alter the mask pattern by adding or replacing 
correction elements, such as serifs. See, for example, step 50 
shoWn in FIG. 2 above. In the event of such mask alteration, 
the neW transformed mask transmission function can be 

easily calculated using the present hybrid technique. 
Speci?cally, the neW transformed mask transmission func 
tion is the previous mask transmission function plus the sum 
of the spatial frequency transformations of the neW correc 
tion elements minus the sum of the spatial frequency trans 
formations of the replaced correction elements. 
Mathematically, this is given as follows: 
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K (19) 

It is noted that the spatial frequency functions of the cor 
rection elements can be determined in the same manner as 
described above for the primitive elements. 

Thus, the hybrid aerial image simulation according to the 
present invention generally can avoid many of the problems 
associated With conventional techniques. First, rasteriZation 
errors Which are present in many conventional techniques 
can be largely eliminated. Second, a relatively coarse FFT 
mesh often can be utiliZed, increasing computation speed 
While still maintaining good accuracy. Third, the present 
technique generally permits relatively easy calculation of the 
effects of adding or replacing correction elements on the 
resulting aerial image. Fourth, because simulation accuracy 
generally is unrelated to mask feature siZe in the present 
technique, it is usually possible to calculate the effects of 
small correction elements, i.e., having dimensions much 
smaller than the resolution of the optical system. 

C. Aerial Image Simulation System Environment 

Generally, the methods described herein, or portions 
thereof, Will be practiced With a general purpose computer, 
either With a single processor or multiple processors. For 
example, a mask pattern can be input and the foregoing steps 
for simulating an aerial image can then be performed by a 
computer. 

FIG. 10 is an illustration of a general purpose computer 
system, representing one of many suitable computer plat 
forms for implementing the inventive methods described 
above. FIG. 10 shoWs a general purpose computer system 
550 in accordance With the present invention includes a 
central processing unit (CPU) 552, read only memory 
(ROM) 554, random access memory (RAM) 556, expansion 
RAM 558, input/output (I/O) circuitry 560, display assem 
bly 562, input device 564, and expansion bus 566. Computer 
system 550 may also optionally include a mass storage unit 
568 such as a disk drive unit or nonvolatile memory such as 
?ash memory and a real-time clock 570. 
CPU 552 is coupled to ROM 554 by a data bus 572, 

control bus 574, and address bus 576. ROM 554 contains the 
basic operating system for the computer system 550. CPU 
552 is also connected to RAM 556 by busses 572, 15 574, 
and 576. Expansion RAM 558 is optionally coupled to RAM 
556 for use by CPU 552. CPU 552 is also coupled to the I/O 
circuitry 560 by data bus 572, control bus 574, and address 
bus 576 to permit data transfers With peripheral devices. 

I/O circuitry 560 typically includes a number of latches, 
registers and direct memory access (DMA) controllers. The 
purpose of I/O circuitry 560 is to provide an interface 
betWeen CPU 552 and such peripheral devices as display 
assembly 562, input device 564, and mass storage 568. 

Display assembly 562 of computer system 550 is an 
output device coupled to I/ O circuitry 560 by a data bus 578. 
Display assembly 562 receives data from 1/0 circuitry 560 
via bus 578 and displays that data on a suitable screen. 

The screen for display assembly 562 can be a device that 
uses a cathode-ray tube (CRT), liquid crystal display (LCD), 
or the like, of the types commercially available from a 
variety of manufacturers. Input device 564 can be a 
keyboard, a mouse, a stylus Working in cooperation With a 
position-sensing display, or the like. The aforementioned 
input devices are available from a variety of vendors and are 
Well knoWn in the art. 
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Some type of mass storage 568 is generally considered 
desirable. However, mass storage 568 can be eliminated by 
providing a sufficient mount of RAM 556 and expansion 
RAM 558 to store user application programs and data. In 
that case, RAMs 556 and 558 can optionally be provided 
With a backup battery to prevent the loss of data even When 
computer system 550 is turned off. HoWever, it is generally 
desirable to have some type of long term mass storage 568 
such as a commercially available hard disk drive, nonvola 
tile memory such as ?ash memory, battery backed RAM, 
PC-data cards, or the like. 

A removable storage read/Write device 569 may be 
coupled to I/O circuitry 560 to read from and to Write to a 
removable storage media 571. Removable storage media 
571 may represent, for example, a magnetic disk, a magnetic 
tape, an opto-magnetic disk, an optical disk, or the like. 
Instructions for implementing the inventive method may be 
provided, in one embodiment, to a netWork via such a 
removable storage media. 

In operation, information is inputted into the computer 
system 550 by typing on a keyboard, manipulating a mouse 
or trackball, or “Writing” on a tablet or on position-sensing 
screen of display assembly 562. CPU 552 then processes the 
data under control of an operating system and an application 
program stored in ROM 554 and/or RAM 556. CPU 552 
then typically produces data Which is outputted to the 
display assembly 562 to produce appropriate images on its 
screen. 

Expansion bus 566 is coupled to data bus 572, control bus 
574, and address bus 576. Expansion bus 566 provides extra 
ports to couple devices such as netWork interface circuits, 
modems, display sWitches, microphones, speakers, etc. to 
CPU 552. NetWork communication is accomplished through 
the netWork interface circuit and an appropriate netWork. 

Suitable computers for use in implementing the present 
invention may be obtained from various vendors. Various 
computers, hoWever, may be used depending upon the siZe 
and complexity of the tasks. Suitable computers include 
mainframe computers, multiprocessor computers, 
Workstations, or personal computers. In addition, although a 
general purpose computer system has been described above, 
a special-purpose computer may also (or instead) be used to 
implement the methods of the present invention. 

It should be understood that the present invention also 
relates to machine readable media on Which are stored 
program instructions for performing methods of this inven 
tion. Such media includes, by Way of example, magnetic 
disks, magnetic tape, optically readable media such as CD 
ROMs, semiconductor memory such as PCMCIA cards, etc. 
In each case, the medium may take the form of a portable 
item such as a small disk, diskette, cassette, etc., or it may 
take the form of a relatively larger or immobile item such as 
a hard disk drive or RAM provided in a computer. 

D. Conclusion 

Although the present invention has been described in 
detail With regard to the exemplary embodiments and draW 
ings thereof, it should be apparent to those skilled in the art 
that various adaptations and modi?cations of the present 
invention may be accomplished Without departing from the 
spirit and the scope of the invention. Accordingly, the 
invention is not limited to the precise embodiments shoWn 
in the draWings and described in detail above. Therefore, it 
is intended that all such variations not departing from the 
spirit of the invention be considered as Within the scope 
thereof as limited solely by the claims appended hereto. 
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In the folloWing claims, those elements Which do not 

include the Words “means for” are intended not to be 
interpreted under 35 USC §112 1T6. 
What is claimed is: 
1. A method of simulating an aerial image produced by a 

mask having transmissive portions When said mask is 
exposed to a light source, said method comprising: 

(a) dividing the transmissive portions of the mask into 
primitive elements; 

(b) obtaining a response function for each of the primitive 
elements; 

(c) summing the response functions for all of the primitive 
elements to obtain a mask response function; and 

(d) simulating the aerial image by evaluating the mask 
response function over all points in the light source. 

2. A method according to claim 1, Wherein each response 
function is a function of a variable relating to a position of 
a point in the light source. 

3. A method according to claim 1, Wherein the response 
function for each primitive element corresponds to an image 
that Would be produced by said each primitive element if 
illuminated by a point in the light source. 

4. A method according to claim 1, Wherein at least tWo of 
the primitive elements have different shapes. 

5. A method according to claim 1, Wherein the primitive 
elements include at least one rectangle and at least one 
triangle. 

6. A method according to claim 1, Wherein the primitive 
elements include polygons that can be represented by a sum 
of rectangles, and Wherein difficulty in determining a 
response function for each of the polygons is based on a 
number of vertices in said each of the polygons. 

7. A method according to claim 1, Wherein a response 
function for a triangular primitive element is obtained by 
decomposing the triangular primitive element into a set of 
rectangles and smaller triangles. 

8. A method according to claim 1, Wherein response 
functions for standard primitive elements are pre-stored. 

9. A method according to claim 1, Wherein the response 
function obtained in step (b) is speci?ed in a spatial domain. 

10. A method according to claim 1, Wherein the aerial 
image can be simulated for an arbitrarily selected portion of 
an image plane, and Wherein difficulty of simulation is 
dependent upon a siZe of the arbitrarily selected portion of 
the image plane. 

11. A method of simulating an aerial image produced by 
a mask having transmissive portions When said mask is 
exposed to a light source, said method comprising: 

(a) dividing the transmissive portions of the mask into 
primitive elements; 

(b) obtaining a response for each of the primitive elements 
When said each of the primitive elements is exposed to 
a single point in the light source; and 

(c) simulating the aerial image by combining the 
responses over all of the primitive elements and over all 
points in the light source. 

12. A method according to claim 11, Wherein at least tWo 
of the primitive elements have different shapes. 

13. Amethod according to claim 11, Wherein the primitive 
elements include at least one rectangle and at least one 
triangle. 

14. Amethod according to claim 11, Wherein the primitive 
elements include polygons that can be represented by a sum 
of rectangles, and Wherein difficulty in determining a 
response for each of the polygons in step (b) is based on a 
number of vertices in said each of the polygons. 
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15. A method according to claim 11, wherein a response 
for a triangular primitive element is obtained by decompos 
ing the triangular primitive element into a set of rectangles 
and smaller triangles. 

16. A method according to claim 11, Wherein responses 
for standard primitive elements are pre-stored. 

17. A method according to claim 11, Wherein the aerial 
image can be simulated for an arbitrarily selected portion of 
an image plane, and Wherein difficulty of simulation is 
dependent upon a siZe of the arbitrarily selected portion of 
the image plane. 

18. Amethod according to claim 11, Wherein the response 
obtained in step (b) is speci?ed in a spatial domain. 

19. A method of simulating an aerial image produced by 
a mask having transmissive portions, said method compris 
ing: 

(a) dividing the transmissive portions of the mask into 
primitive elements; 

(b) obtaining a response for each of the primitive ele 
ments; and 

(c) simulating the aerial image for an arbitrarily selected 
portion of an image plane by combining the responses 
over all of the primitive elements. 

20. A method according to claim 19, Wherein at least tWo 
of the primitive elements have different shapes. 

21. A method according to claim 19, Amethod according 
to claim 19, Wherein responses for standard primitive ele 
ments are pre-stored. 

22. Amethod according to claim 19, Wherein dif?culty of 
simulation is dependent upon a siZe of the arbitrarily 
selected portion of the image plane. 

23. Amethod according to claim 19, Wherein the response 
obtained in step (b) is speci?ed in a spatial domain. 

24. Computer-executable process steps stored on a com 
puter readable medium, said process steps for simulating an 
aerial image produced by a mask having transmissive por 
tions When said mask is exposed to a light source, said 
process steps comprising steps to: 

(a) divide the transmissive portions of the mask into 
primitive elements; 

(b) obtain a response function for each of the primitive 
elements; 

(c) sum the response functions for all of the primitive 
elements to obtain a mask response function; and 

(d) simulate the aerial image by evaluating the mask 
response function over all points in the light source. 

25. Computer-executable process steps stored on a com 
puter readable medium, said process steps for simulating an 
aerial image produced by a mask having transmissive por 
tions When said mask is exposed to a light source, said 
process steps comprising steps to: 

(a) divide the transmissive portions of the mask into 
primitive elements; 

(b) obtain a response for each of the primitive elements 
When said each of the primitive elements is exposed to 
a single point in the light source; and 

(c) simulate the aerial image by combining the responses 
over all of the primitive elements and over all points in 
the light source. 
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26. Computer-executable process steps stored on a com 

puter readable medium, said process steps for simulating an 
aerial image produced by a mask having transmissive 
portions, said process steps comprising steps to: 

(a) divide the transmissive portions of the mask into 
primitive elements; 

(b) obtain a response for each of the primitive elements; 
and 

(c) simulate the aerial image for an arbitrarily selected 
portion of an image plane by combining the responses 
over all of the primitive elements. 

27. An apparatus for simulating an aerial image produced 
by a mask having transmissive portions When said mask is 
exposed to a light source, said apparatus comprising: 

a processor for executing stored program instruction 
steps; and 

a memory connected to the processor for storing the 
program instruction steps, 

Wherein the program instruction steps include steps to: 
(a) divide the transmissive portions of the mask into 

primitive elements; 
(b) obtain a response function for each of the primitive 

elements; 
(c) sum the response functions for all of the primitive 

elements to obtain a mask response function; and 
(d) simulate the aerial image by evaluating the mask 

response function over all points in the light source. 
28. An apparatus for simulating an aerial image produced 

by a mask having transmissive portions When said mask is 
exposed to a light source, said apparatus comprising: 

a processor for executing stored program instruction 
steps; and 

a memory connected to the processor for storing the 
program instruction steps, 

Wherein the program instruction steps include steps to: 
(a) divide the transmissive portions of the mask into 

primitive elements; 
(b) obtain a response for each of the primitive elements 
When said each of the primitive elements is exposed 
to a single point in the light source; and 

(c) simulate the aerial image by combining the 
responses over all of the primitive elements and over 
all points in the light source. 

29. An apparatus for simulating an aerial image produced 
by a mask having transmissive portions, said apparatus 
comprising: 

a processor for executing stored program instruction 
steps; and 

a memory connected to the processor for storing the 
program instruction steps, 

Wherein the program instruction steps include steps to: 
(a) divide the transmissive portions of the mask into 

primitive elements; 
(b) obtain a response for each of the primitive elements; 

and 
(c) simulate the aerial image for an arbitrarily selected 

portion of an image plane by combining the 
responses over all of the primitive elements. 

* * * * * 


